Yeast RNA-binding proteins Nrd1 and Nab3 direct transcription termination of sn/snoRNA transcripts, some mRNA transcripts, and a class of intergenic and anti-sense transcripts. Recognition of Nrd1-and Nab3-binding sites is a critical first step in the termination and subsequent processing or degradation of these transcripts. In this article, we describe the purification and characterization of an Nrd1-Nab3 heterodimer. This Nrd1-Nab3 complex binds specifically to RNA sequences derived from a snoRNA terminator. The relative binding to mutant terminators correlates with the in vivo termination efficiency of these mutations, indicating that the primary specificity determinant in nonpoly(A) termination is Nrd1-Nab3 binding. In addition, several snoRNA terminators contain multiple Nrd1-and Nab3-binding sites and we show that multiple heterodimers bind cooperatively to one of these terminators in vitro.
INTRODUCTION
The transcriptome of a eukaryotic cell is determined not only by where transcription initiates but also by where it stops and how the primary transcript thus generated is processed. While transcription factors and chromatin proteins play important roles, primarily at the initiation stage, RNA-binding proteins are critical in many of the subsequent steps in synthesis and processing of eukaryotic transcripts. RNA-binding proteins, particularly those containing an RNA-recognition motif (RRM) (Maris et al. 2005) , play multiple roles in RNA polymerase II (Pol II) transcription, including capping, splicing, and formation of the transcript 39 end (Bentley 2005; Moore 2005) .
Two pathways for Pol II 39 end formation have been described in yeast. One leads to formation of mRNAs with stable poly(A) tails (Zhao et al. 1999; Proudfoot and O'Sullivan 2002) while the other leads to formation of nonpoly(A) RNAs like small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) (Steinmetz et al. 2001) . One common feature of both pathways is that signal sequences in the nascent transcript bind protein complexes that direct both transcription termination and processing of the transcript.
Termination of snRNAs and snoRNAs requires the RNA-binding proteins Nrd1 and Nab3, the RNA helicase Sen1, and the Pol II C-terminal domain (CTD) (Steinmetz et al. 2001 ). In addition, Nrd1 and Nab3 form a complex with the nuclear exosome (Vasiljeva and Buratowski 2006) , a collection of RNases that is required for degradation of messages or exonucleolytic trimming of the 39 end of snoRNA precursors (Mitchell et al. 1997; Butler 2002; Houseley et al. 2006) . The Nrd1-Nab3 pathway has also been shown to be involved in regulation of Nrd1 levels through premature transcription termination (Arigo et al. 2006a; Houalla et al. 2006 ) and in termination of cryptic unstable transcripts (CUTS) (Arigo et al. 2006b ; LykkeAndersen and Jensen 2006; Thiebaut et al. 2006) . In each of these cases, recognition of Nrd1-and Nab3-binding sites is an important first step in termination and subsequent degradation or processing of the Pol II transcript.
What are the signals that direct termination and exosome trimming/degradation of nonpoly(A) transcripts? Mutational screens have identified the sequence motifs GUA[A/G] and UCUU as important elements of nonpoly(A) terminators (Steinmetz et al. 2001; Morlando et al. 2002; Carroll et al. 2004; Steinmetz et al. 2006) , and the single RRM of Nrd1 and Nab3, respectively, have been shown to bind these sequences Brow 1996, 1998; Carroll et al. 2004) . Such sequences are preferentially located downstream of snRNA and snoRNA genes (Carroll et al. 2004 ) although their relative orientation and spacing are not highly conserved.
In this article we describe the coexpression and purification of yeast Nrd1 and Nab3 in Escherichia coli. These proteins form a heterodimer that contains two RRM domains. We show here that the Nrd1-Nab3 complex binds specifically to RNA sequences identified as in vivo nonpoly(A) terminators. The relative binding to mutant terminators mirrors the in vivo effect of these mutations, indicating that Nrd1 and Nab3 binding is the primary specificity determinant in nonpoly(A) termination. Several snoRNA terminators contain multiple potential Nrd1-Nab3-binding sites and we demonstrate that multiple heterodimers bind with apparent cooperativity to one of these terminators in vitro. Nrd1-Nab3 RNA binding is discussed in terms of the possible role this interaction plays in termination.
RESULTS

Expression and purification of Nrd1-Nab3 heterodimer complexes
Previous work established genetic and physical interactions between two yeast RNA-binding proteins, Nrd1 and Nab3 (Conrad et al. 2000) . We coexpressed and purified these proteins in E. coli (see Materials and Methods) to further study their interaction with RNA. The maps shown in Figure 1A indicate the regions of Nrd1 and Nab3 that yield abundant stable protein when coexpressed in bacteria. The expression vector includes all Nrd1 sequences except that encoding the C-terminal 26 amino acids. The deleted region contains a stretch of eight consecutive glutamine residues that are proteolytically cleaved when expressed in E. coli. For stable expression of Nab3, we removed 191 amino acids from the N-terminus and 238 amino acids from the C-terminus. In each case, these regions contain long stretches of simple sequences that are unstable when expressed in E. coli. The N-terminal Nab3 sequence is over 50% Asp/Glu, with one run of 37 consecutive acidic residues, while the C-terminal domain of Nab3 is 26% Gln. The N-terminal deletion is viable in yeast whereas the C-terminal deletion is not. However, the 375 amino acid central core of Nab3 retains all of the sequences that are conserved among different organisms.
Thus, all of the conserved motifs, which include single RRMs in both Nrd1 and Nab3, as well as the CTDinteraction domain (CID) of Nrd1 are contained in the bacterially expressed heterodimer.
Coexpressed Nrd1 and Nab3 copurified over several columns (see Materials and Methods), indicating the formation of a tight complex (Fig. 1B) . To determine the stoichiometry of the Nrd1-Nab3 complex, sedimentation equilibrium experiments on Nrd1-Nab3 were carried out at rotor speeds of 6-14 krpm and loading concentrations of 3.1, 6.1, and 9.2 mM. A global data analysis in terms of a single ideal solute returned excellent fits with a molecular mass of 102 6 6 kDa (Table 1 ; data not shown) that is consistent with a 1:1 Nrd1:Nab3 stoichiometry. Data for each loading concentration were similarly analyzed in terms of a single ideal solute only to obtain identical molecular masses. There is no evidence for dissociation of the heterodimer, and the absence of an increase in the molecular mass with increasing Nrd1-Nab3 concentration indicates that the heterodimers do not interact to form tetramers. The monodispersity of the sample was confirmed by sedimentation velocity experiments, which return a sedimentation coefficient (s 20,w ) of 4.3 6 0.1 S at a loading concentration of 10 mM ( Fig. 6A, below ; Table  1 ). At 21.5 mM the Nrd1-Nab3 complex is also monodisperse, having a measured s 20,w of 4.2 6 0.1 S (data not shown). This value further confirms the lack of any Nrd1-Nab3 self-association at the concentrations studied.
The frictional ratio (f/f o ) compares the observed frictional coefficient with the frictional coefficient expected for FIGURE 1. Expression and purification of Nrd1-Nab3 heterodimer. (A) Schematic of the regions of Nrd1 and Nab3 included in the expression vector. Nrd1 was His 9 tagged at the N terminus and Nab3 was MBP tagged at the N terminus. (B) SDS-PAGE of purified protein.
the molecule if it were a sphere. Frictional ratios of 1.0-1.3 are usually observed for spherical molecules (Tanford 1961) , and the value of 1.9 calculated for the Nrd1-Nab3 heterodimer (Table 1) suggests that this protein complex adopts an extended conformation in solution.
Nrd1-Nab3 heterodimer binds to specific RNA sequences in vitro and in vivo
To assess the ability of the Nrd1-Nab3 complex to bind RNA containing its respective binding motifs, we carried out in vitro filter-binding experiments with purified Nrd1-Nab3 and end-labeled RNAs (see Materials and Methods). To examine binding in a simple case we first used RNA oligonucleotides corresponding to U6R*, the artificial sequence element shown to interact with the Nrd1 protein (Steinmetz and Brow 1996) . This 43-nucleotide (nt) RNA contains a single consensus Nrd1 site and a single consensus Nab3 site ( Fig. 2A) . (Throughout the article, a Nrd1 site will be designated by NR and a Nab3 site by NA.) Figure 2B shows the binding curve for U6R* RNA. The fraction of bound RNA increases as the Nrd1-Nab3 protein concentration is increased from 0 to 5 mM. The concentration of Nrd1-Nab3 at which 50% of the target RNA is bound is z2.75 mM. Binding affinity determined by these filter-binding experiments is a relative affinity, however, due to the presence of nonspecific competitor RNA (see Materials and Methods).
To confirm that the binding specificity of Nrd1-Nab3 for the U6R* RNA is due to the presence of the Nrd1 and Nab3 motifs, mutant RNAs that contain changes in the Nrd1 site (NR), the Nab3 site (NA), or both sites (NA-NR) were synthesized ( Fig. 2A) . These single-site mutations were previously identified as point-mutant suppressors of NRD1-dependent down-regulation of a selectable marker gene in vivo (Steinmetz and Brow 1996) . Mutation of these sites also reduced binding by the Nrd1 protein in vitro (Steinmetz and Brow 1998) . As expected, mutations in the Nrd1 or Nab3 motifs decrease the binding affinity of the Nrd1-Nab3 heterodimer (Fig. 2B) . The Nab3 site mutation appears to be more deleterious to binding affinity than the Nrd1 site mutation, although the endpoint of this binding curve suggests that a substantial fraction of this particular RNA is unavailable for binding. In this case the binding curves may be interpreted as indicating equivalent binding of the two mutants. A combination of the two motif mutations almost abolishes binding to the RNA, signifying that the Nrd1 and Nab3 sites are the primary determinants of specific binding to this RNA.
To extend our analysis to a naturally occurring Nrd1-Nab3 termination element, we carried out filter-binding experiments on the snR13 terminator. Via a mutational strategy, we previously showed the importance of the Nrd1 and Nab3 sites to the function of this terminator (Carroll et al. 2004 ). The corresponding 35-nt RNA we use in this study contains two Nrd1 sites and two Nab3 sites (Fig. 2C ) and includes the region downstream of SNR13 most critical for termination (Carroll et al. 2004) . Figure 2D shows the binding curve for this interaction. The snR13 binding curve exhibits a marked contrast to that of the U6R* binding curve in both shape and binding affinity. The concentration of Nrd1-Nab3 at which 50% of the target RNA is bound is z500 nM. The fraction of bound RNA changes over a very narrow concentration range of Nrd1-Nab3, suggesting possible cooperative binding. Sedimentation equilibrium data were collected at 6, 8, and 10 krpm and 280 nm at a loading concentration of 2.3 mM Nrd1-Nab3 and 1.0 mM 35-nt RNA. Data were consistent with the presence of two species, and an analysis in terms of two noninteracting species indicates that free Nrd1-Nab3 is present. Data were therefore modeled in terms of free protein (M[1 À nr] = 27.44 kDa) and a second species. Excellent data fits were observed. Data were also collected at higher loading concentrations of 4.6 and 6.9 mM Nrd1-Nab3, with an identical RNA loading ratio. Even though identical results were obtained at these loading concentrations, the sedimentation equilibrium profiles were consistent with the loss of material and a much higher proportion of free protein heterodimer.
e Based on the error of the method and the sample loading concentrations, we conclude that the data are consistent with a 2:1 Nrd1-Nab3:RNA stoichiometry.
To examine the relative importance of the four Nrd1-and Nab3-binding sites in the snR13 RNA, single-site mutations were also tested in the filter-binding assay (Fig. 2C ). These base changes were previously identified in a mutational screen for nonpoly(A) termination elements downstream of the SNR13 gene, and they represent the most frequent base changes that reduced the efficiency of the snR13 terminator (Carroll et al. 2004 ). All four single-site mutations bind less well to the Nrd1-Nab3 heterodimer than the wild-type (WT) snR13 RNA, though they affect the relative binding affinity to varying degrees (Fig. 2D ). The NA2 RNA exhibits a binding curve most similar to that of the snR13 WT RNA with just a slight decrease in binding affinity. The NR1 and the NR2 RNAs have nearly identical binding curves and more of a decrease in binding affinity. The NA1 RNA shows the weakest binding to the Nrd1-Nab3 heterodimer of the single-site mutations tested. As in U6R*, the most important single binding motif is a Nab3 site.
Single-site mutations, however, only result in minor differences to the relative binding affinity of the snR13 RNA. The most deleterious single mutation, NA1, affects the affinity by a factor of 5. These binding studies are consistent with the in vivo effects of snR13 terminator single-site mutations, in which single motif mutations do not have a prominent effect on termination efficiency (Carroll et al. 2004 ). Due to the minor effect of single motif mutations, four double motif mutations were also tested via filter binding. These RNA oligonucleotides contain mutations in both an Nrd1 site and an Nab3 site (Fig. 2C) . Predictably, the four double mutant RNAs exhibit even poorer binding affinity than the single-site mutations (Fig. 2E ). The NA1-NR2 RNA is the poorest substrate in this series for binding to the Nrd1-Nab3 heterodimer, resulting in a 10-fold decrease in binding affinity.
To correlate in vitro binding with in vivo termination efficiency, an identical 35-nt snR13 DNA fragment was cloned into an ADH-GFP vector ( Fig. 3A ; Carroll et al. 2004 ). The plasmid was transformed into yeast, and total RNA from the resultant strain was analyzed by Northern blot with a probe to GFP. The 35-nt fragment derives from a larger 108-nt sequence previously shown to confer Nrd1-dependent termination (Steinmetz et al. 2001 ). In the ADH-GFP vector, the 35-nt sequence exhibits a low level of GFP expression similar to that of the larger 108-nt sequence (Fig. 3B , cf. lanes 1 and 3). Thus, sequences sufficient for termination are contained within the smaller 35-nt fragment.
The three most deleterious double mutant variants of the 35-nt snR13 sequence tested in the in vitro binding experiments were also cloned into the ADH-GFP vector. The Nrd1 and Nab3 motif mutations compromise the function of the snR13 terminator and result in increased GFP readthrough (Fig. 3B, lanes 4 , 5, and 6). The measured in vivo termination efficiency correlates with the in vitro binding shown in Figure 2E . The NR2-NA2 mutation is the least severe of this set with z74% GFP readthrough and z2.5-fold reduction in binding affinity. The NA1-NR2 mutation is most severe in both cases with z100% GFP readthrough and z10-fold reduction in binding affinity. Thus, in vitro effects mirror in vivo effects: mutations in both Nrd1 and Nab3 motifs result in a significant reduction of Nrd1-Nab3 binding and subsequent termination efficiency. We note that the central Nrd1 and Nab3 sites in the snR13 terminator are the most important elements, and like the sites in the U6R* sequence are separated by a single base.
Electrophoretic separation of Nrd1-Nab3-RNA complexes
To visualize complex formation between the Nrd1-Nab3 protein and labeled RNA, we carried out electrophoretic mobility shift assays (EMSA). The WT U6R* RNA, containing one Nrd1 site and one Nab3 site, shows a shifted band that is fairly constant in mobility as the protein concentration is increased (Fig. 4A) . The three U6R* mutant RNAs (NA, NR, NA-NR) display a decreased amount of shifted band with equivalent amounts of slower mobility complex in NA and NR. This correlates with the decreased binding affinity of Nrd1-Nab3 for these RNAs as determined by the filter-binding experiments.
Gel shifts with the panel of snR13 RNAs (Fig. 4B ) also support the filter-binding results. Poorer binding affinity is reflected in the appearance of less of the slower mobility band. In contrast to U6R*, as the Nrd1-Nab3 protein concentration is increased, the WT snR13 RNA complexes migrate more slowly. This possible higher-order complex formation is preserved in the NR1, NA2, and NR1-NA2 mutant RNAs. However, the remaining five snR13 mutants tested maintain a fairly consistent mobility of the shifted species (NA1, NR1-NA1, NR2, NR2-NA2, NA1-NR2). The NA1-NR2 shifted band in particular seems to maintain the same mobility as the protein concentration is increased. Figure 4C shows a gel shift with the panel of snR13 RNAs at 5 mM Nrd1-Nab3 on the same gel to highlight the difference in mobility of the shifted species. The correlation of weak binding with the most rapidly migrating shifted species is consistent with binding of a single heterodimer to these RNAs. In contrast, the WT and less severe mutant RNAs appear to bind multiple heterodimers, resulting in a slower mobility complex. The failure to observe numerous discrete bands with slower mobility, indicative of multiple heterodimers, may be due to the extended structure of the Nrd1-Nab3 heterodimer as determined from centrifugation. (B) Northern blot of total RNA from yeast harboring the GFP readthrough plasmids. GFP signal was corrected with loading control to SCR1 and is an average of two experiments. Lanes 2 and 7 contain vectors with no snR13 downstream sequences and represent maximum transcription readthrough. These maxima were set to 1 and all other lanes were expressed as a fraction of that maximum.
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Nrd1-Nab3 heterodimer RRMs do not bind independently to RNA Footprint assays were also performed to probe RNAprotein interactions. Figure 5A shows the footprint of Nrd1-Nab3 on U6R* RNA following RNase A digestion. On U6R* WT RNA, the footprint extends over the Nab3-and Nrd1-binding motifs, as well as toward the 59 end of the RNA. In the NA mutant RNA, we see a loss of protection over both the Nab3-and Nrd1-binding motifs. This suggests that the binding of the two RRMs in a single heterodimer is not independent and indicates that interaction with both sites is required for optimal binding. Figure 5B shows the footprint of Nrd1-Nab3 on snR13 RNA following RNase T 1 digestion. As the protein concentration is increased, the area of protection on the WT RNA is shown to extend over both Nrd1 sites. In the NR1 mutant RNA, we see loss of protection on the corresponding first Nrd1 motif (NR1), but maintenance of protection on the second Nrd1 motif (NR2). This protection may be to a slightly lesser degree than in the WT case. In the NA1 mutant RNA, there is a loss of protection on the corresponding Nab3 site (NA1), as well as on the second Nrd1 site (NR2) directly adjacent to this first Nab3 motif. This suggests that one heterodimer binds NA1 and NR2. These two motifs are separated by a single base as in the case for U6R*. In addition, we observe a slight loss of protection on the first Nrd1 motif (NR1), 59 to the mutated Nab3 site. Similar to U6R*, a mutation in a Nab3 site affects protection at an Nrd1 site. Taken together, these results indicate that closely spaced Nrd1 and Nab3 motifs are protected by the same heterodimer.
Hydrodynamic analysis of Nrd1-Nab3-RNA complexes
In order to determine the stoichiometry of RNA-protein complexes, a series of sedimentation equilibrium and velocity experiments was carried out on a 1:1.05 molar ratio of the Nrd1-Nab3 heterodimer and an 11-nt RNA (see Materials and Methods) containing the central Nab3-and Nrd1-binding motifs (NA1 and NR2) of the snR13 terminator. Sedimentation equilibrium experiments carried out at rotor speeds of 6-12 krpm and Nrd1-Nab3 loading concentrations of 1.4, 2.2, 4.5, and 6.7 mM are consistent with the presence of a single species. A global analysis in terms of a single ideal solute returns a molecular mass of 106 6 6 kDa (Table 1 ; data not shown). Even though this value is essentially identical, within the error of the method, to that determined for the Nrd1-Nab3 heterodimer, it is reproducibly larger and consistent with a 1:1 protein:RNA stoichiometry.
Sedimentation velocity experiments carried out at a loading concentration of 6.7 mM clearly demonstrate that the species is not Nrd1-Nab3 alone (Fig. 6B ) and are consistent with a single species having a measured s 20,w of 4.9 6 0.05 S (Table 1) . At higher concentration of the Nrd1-Nab3-11-nt RNA complex there is evidence of association (data not shown) that is not apparent at the same concentration of protein alone. Together, these experiments demonstrate that the Nrd1-Nab3 heterodimer forms a 1:1 complex with the 11-nt RNA and that this complex retains the overall asymmetry of the protein based on the calculated frictional ratio of 1.8 (Table 1) , indicating an extended conformation.
In order to characterize the complex formed between Nrd1-Nab3 and the 35-nt snR13 RNA, a series of sedimentation velocity experiments was carried out at different protein to RNA ratios. Experiments conducted at low protein to RNA ratios reveal the presence of a prominent 5.6 S species (Fig. 6C-E) . At the lowest protein to RNA ratios we also see some evidence for free RNA. As the FIGURE 5. Footprint of Nrd1-Nab3 on RNA. (A) RNase A footprinting of U6R* RNA oligos and Nrd1-Nab3. RNase A cuts after cytosine and uridine residues in single-stranded RNA. The WT U6R* sequence is indicated at the bottom with the NA mutant RNA sequence change underneath. (B) RNase T1 footprinting of snR13 RNA oligos and Nrd1-Nab3. RNase T1 cuts after guanosine residues in single-stranded RNA. The WT snR13 sequence is indicated at the bottom with the NR1 and NA1 mutant RNA sequence changes underneath. The ''C'' indicates a control lane containing no RNase. Wedge represents increasing concentration of Nrd1-Nab3 heterodimer: 0, 0.625, 1.25, and 2.5 mM. Mutations are indicated by an asterisk. Colored squares represent bases in an Nrd1 or a Nab3 motif and colored circles represent additional bases along the RNA. Locations on the RNA oligo and corresponding position on the gel are denoted by the squares and circles.
protein to RNA ratio is increased we see evidence for a larger complex (Fig. 6E-G) . At a 2.2:1 loading ratio, all of the protein is complexed, and data analysis in terms of a single species returns a sedimentation coefficient of 8.1 6 0.1 S ( Fig. 6F ; Table 1 ). At a 4.4:1 loading ratio of protein to RNA we observe the presence of more than one species, and the distribution of S values is consistent with the presence of a free Nrd1-Nab3 heterodimer and an z8 S complex (Fig. 6G) .
The value of the sedimentation coefficient suggests that more than one Nrd1-Nab3 heterodimer is present in the 8S complex, an observation confirmed by sedimentation equilibrium experiments (data not shown). In these experiments a 2.3:1 protein:RNA loading ratio was used at protein concentrations of 2.3, 4.6, and 6.9 mM. Data collected at 6, 8, and 10 krpm were consistent with the presence of two species, and an analysis in terms of two noninteracting species indicated that free Nrd1-Nab3 was present. Accordingly, data were modeled in terms of the presence of free protein and a second species, and in all cases excellent fits were obtained. Even though all data sets returned similar buoyant molecular masses for the complex, it was noted that the proportion of free protein increased with the increasing loading concentration. This is likely due to the formation of higher-order RNA-protein complexes. Furthermore, at 4.6 and 6.9 mM protein, sample losses were apparent as the rotor speed was incrementally increased. Therefore, only the lowest concentration data were considered (data not shown). The buoyant molecular mass of 66.7 6 5.3 kDa demonstrates the dimerization of Nrd1-Nab3 heterodimers, and based on this the complex contains 2 6 1 snR13 RNA species (Table 1) . This value is slightly higher than the RNA content predicted by sedimentation velocity. These observations are consistent, within the error of the method, with the sedimentation velocity titrations that support a 2:1 Nrd1-Nab3:RNA stoichiometry (Fig. 6) . The 8S complex is further characterized by a frictional ratio of 1.7 (Table 1) , showing that it is elongated.
DISCUSSION
The Nrd1-Nab3 complex plays several roles in gene regulation by directing termination of snRNA and snoRNA transcripts (Steinmetz et al. 2001) , some mRNA transcripts (Arigo et al. 2006a; Houalla et al. 2006) , and a class of intergenic and anti-sense transcripts (Arigo et al. 2006b ; Lykke-Andersen and Jensen 2006; Thiebaut et al. 2006 ). In addition, the Nrd1-Nab3 complex facilitates RNA degradation by directing transcripts to the nuclear exosome (Vasiljeva and Buratowski 2006) . The first step in all of these functional roles is the recognition of specific RNA sequences in nascent Pol II transcripts.
Specificity of Nrd1-Nab3 RNA binding Brow (1996, 1998) identified sequences within the artificial U6R* terminator that are important for binding Nrd1 and downregulating expression of a selectable marker gene. Overexpression of the RNA-binding protein Nab3 suppresses nrd1 temperature-sensitive mutations, and Nab3 forms a complex with Nrd1 in vivo FIGURE 6. Sedimentation velocity experiments on Nrd1-Nab3 and its complexes with RNA. c(s) distributions based on sedimentation velocity data collected at 55 krpm, 280 nm, and 4.0°C are shown. (A) The distribution for Nrd1-Nab3 at a loading concentration of 10 mM. (B) The distributions for a 1:1.05 Nrd1-Nab3 to snR13 11-nt RNA mixture at 6.7 mM. Data for the complex at 6.7 mM can be modeled in terms of a single species with an s 20,w of 4.9 S. The c(s) distributions for Nrd1-Nab3 and snR13 35 nt RNA at nominal loading concentrations of (C) 1:2 (2.75 mM Nrd1-Nab3), (D) 1:1 (5.5 mM Nrd1-Nab3), (E) 1.3:1 (5.5 mM Nrd1-Nab3), (F) 2.2:1 (7.1 mM Nrd1-Nab3), and (G) 4.4:1 (7.4 mM Nrd1-Nab3) protein: RNA. Note the progressive transition from a 1:1 Nrd1-Nab3 to RNA 5.6 S complex, to a 2:1 Nrd1-Nab3 to RNA 8.1 S complex. Excess RNA for the 1:2, 1:1, and 1.3:1 mixtures is noted at sedimentation values <4. The gray lines highlight the sedimentation coefficients of the free Nrd1-Nab3, the 1:1 complex with snR13 35-nt RNA, and the 2:1 complex with the same RNA. (Conrad et al. 2000) . With the discovery of natural Nrd1-Nab3 targets it became apparent that Nrd1-and Nab3-binding sites are important for snRNA and snoRNA termination (Steinmetz et al. 2001) . In subsequent work we used an in vivo genetic selection approach to more precisely define sequences required for Nrd1-and Nab3-directed termination at several yeast snoRNA terminators. From libraries of mutant terminators we identified mutations that reduce nonpoly(A) termination efficiency. This selection identified the consensus sequences GUA[A/G] and UCUU as the most frequently mutated targets (Carroll et al. 2004 ). Both of these sequence motifs are also present in the U6R* terminator and other suspected nonpoly(A) terminators (Steinmetz et al. 2001; Morlando et al. 2002) .
Using independently expressed Nrd1 and Nab3 RRM domains we showed that Nrd1 preferentially interacts with the GUAA motifs in the snR47 terminator, while the Nab3 RRM binds preferentially to a UCUU-containing RNA also derived from SNR47 (Carroll et al. 2004 ). More recently we have identified a CUT terminator that consists only of Nab3 (UCUU) binding sites (Arigo et al. 2006b ). This terminator does not function efficiently in an nab3-11 mutant strain but does function in an nrd1-102 mutant strain containing a ts mutation in the Nrd1 RRM. For this terminator, interaction of the Nab3 RRM with UCUU sequences is sufficient for termination. Nrd1 RRM function is not required in this case but a mutation in the CTDinteraction domain (nrd1-101) reduces termination efficiency, indicating that Nrd1 is still required for termination even in the absence of RNA interaction. Presumably, Nrd1 acts in this case to physically link Nab3 to the transcriptional machinery. Taken together these results indicate that both Nrd1 and Nab3 function to direct nonpoly(A) termination.
In this article we have extended in vitro binding studies to look at Nrd1 and Nab3 in the more natural context of the heterodimer, as they most likely exist in vivo (Conrad et al. 2000) . We performed binding assays on the same U6R* RNA used in previous studies and on the SNR13 nonpoly(A) terminator. Mutation of either the Nrd1-or Nab3-binding motif in U6R* reduces binding, with the Nab3 mutant having a more severe effect. Footprint experiments on the Nab3 motif mutant RNA exhibit a concomitant loss of protection at the Nrd1 motif, indicating that the two RRMs do not bind independently. The 35-nt snR13 RNA contains two Nrd1-binding and two Nab3-binding motifs. Single motif mutations reduce binding but only by a factor of 2-5, while mutating one Nrd1 and one Nab3 site leads to as much as a 10-fold reduction in binding and a corresponding loss of termination efficiency in vivo. Taken together, the data presented here indicate that GUA[A/G] and UCUU sequences are necessary for Nrd1-Nab3 binding and termination.
Are Nrd1-and Nab3-binding sites sufficient to direct nonpoly(A) termination? The 35-nt snR13 terminator binds Nrd1-Nab3 and directs efficient termination in a reporter assay (Fig. 3) . Recent work has suggested that the snR13 and snR65 terminators also contain sequences recognized by the cleavage and polyadenylation machinery (Steinmetz et al. 2006 ). However, mutations in these poly(A) signals, although contributing to a readthrough phenotype when the terminator is located in an intron, have not been shown to cause readthrough on their own but only in combination with other upstream mutations, often in a GUA[A/G] or UCUU motif (Steinmetz et al. 2006) . The 35-nt snR13 terminator described in this work does not contain AU-rich cleavage/polyadenylation signals, arguing that cleavage/polyadenylation signals are not necessary for nonpoly(A) termination. Furthermore, cleavage/polyadenylation signals have been shown to disrupt the production of mature and functional snoRNAs (Fatica et al. 2000) . Thus, the primary and significant determinant of snoRNA nonpoly(A) termination is the Nrd1-Nab3 pathway and any involvement by the cleavage/poly(A) pathway seems to be a secondary ''fail-safe'' pathway.
Affinity of Nrd1-Nab3 RNA binding
Previous studies of Nrd1 and Nab3 interaction with RNA have employed isolated RRM domains, and the results of these studies have yielded inconsistent results. The Nrd1 RRM has been shown to interact with the U6R* sequence with a K d of z10 nM (Steinmetz and Brow 1998) . Using a similar Nrd1 RRM expression construct we previously examined the binding of the Nrd1 RRM to RNA sequences derived from the snR47 terminator (Carroll et al. 2004) . While an accurate binding constant was not determined, the apparent K d of Nrd1 RRM binding to a GUAAcontaining RNA derived from the snR47 terminator was z1 mM, several orders of magnitude weaker than reported for U6R*. We observed a similar affinity (z0.3 mM) for binding of the Nab3 RRM to a UCUU-containing RNA derived from the snR47 terminator (Carroll et al. 2004 ). These binding affinities to the snR47 elements are more consistent with the binding by single RRMs derived from proteins containing multiple RRMs (Maris et al. 2005) .
The reported affinity (z10 nM) of the Nrd1 RRM for U6R* is among the strongest reported interactions of a single RRM with RNA. U1A binds to its target sequence, a single-stranded loop, with subnanomolar affinity when the U1 hairpin forms but with about 10 3 lower affinity to the same sequence in a single-stranded RNA (Law et al. 2006) . Since the U6R* sequence is not predicted to form a stable hairpin, it seems unlikely that this is the basis for highaffinity interaction. The RRM of the human splicing regulator FOX1 also binds its target with nanomolar efficiency through specific interactions of an aromatic amino acid just C-terminal to the RNP1 motif (Auweter et al. 2006) . These additional interactions extend the RNA-binding surface, leading to enhanced affinity and specificity. Whether Nrd1 can make similar contacts is not clear. The consensus binding site for Nrd1 is less than the eight bases recognized by FOX1, and the position adjacent to the RNP1 sequence is not occupied by an aromatic amino acid in Nrd1. Perhaps in the Nrd1-Nab3 heterodimer the RRMs are held in a conformation that reduces binding affinity. Understanding why the Nrd1 RRM alone binds so tightly to U6R* whereas the Nrd1-Nab3 heterodimer does not will require further structural studies.
To examine binding of the Nrd1-Nab3 heterodimer to a natural nonpoly(A) terminator, we studied the snoRNA terminator derived from the SNR13 gene. In this case the apparent K d is z500 nM, and we provide evidence that multiple heterodimers bind in a cooperative manner. The apparent affinity of snR13 binding is also weaker than reported for the Nrd1 RRM binding to U6R* but is similar to the affinity we observe for the heterodimer binding to U6R*. The actual binding of the Nrd1-Nab3 heterodimer is likely to be tighter, however, because we have used poly(U) as a nonspecific competitor in order to observe discrete bands in EMSA experiments. Similar experiments (data not shown) in the absence of poly(U) indicate a K d of z300 nM. This affinity is consistent with reported binding constants of other RRM-containing proteins with their natural RNA targets (Maris et al. 2005) , and the presence of competitor RNA in our studies represents a realistic environment in which Nrd1-Nab3 must find its target in the nuclear milieu.
Cooperative binding of the Nrd1-Nab3 heterodimer to the snR13 terminator Nrd1-Nab3 binding to the 35-nt snR13 RNA displays a steep binding curve. This observation, together with gel shift and centrifugation data showing the binding of multiple heterodimers, suggests that Nrd1-Nab3 binds cooperatively to terminators with multiple binding sites. To explain the results of experiments showing multiple binding events, we propose the model shown in Figure 7 . The model describes how RNA fragments with more than one set of Nrd1-Nab3-binding sites might associate with the Nrd1-Nab3 heterodimer to form higher-order complexes. U6R* has only a single pair of sites and is not likely to bind more than one heterodimer (Fig. 7A) . The 11-nt central part of the snR13 terminator also binds a single heterodimer (Fig. 7B) . In contrast, the model shows how two heterodimers can bind to the 35-nt snR13 RNA (Fig. 7C) . Gel shift experiments on the snR13 RNAs indicate the formation of higher-order complexes and support a model of multiple binding events.
The formation of complexes with more than one heterodimer is also seen by centrifugation. Sedimentation equilibrium and velocity experiments have shown that Nrd1-Nab3 is a monodisperse heterodimer that does not self-associate to form higher-order complexes. This heterodimer is elongated in shape and forms a 1:1 complex with a short 11-nt RNA containing single GUAA Nrd1-binding and UCUU Nab3-binding motifs. The complex formed retains the asymmetry of the parent protein and shows some self-association that is not apparent with the unbound heterodimer. In contrast, the complex formed with a 35-nt snR13 RNA containing two Nrd1-binding and two Nab3-binding motifs has a 2:1 stoichiometry (Fig. 7C) , demonstrating that the RNA plays a role in oligomerization of the Nrd1-Nab3 heterodimer. The shape of the complex retains the overall asymmetry noted for the free Nrd1-Nab3 heterodimer and its 1:1 complex with the shorter RNA. Given the similarity of the central Nrd1-and Nab3-binding sites to the U6R* sequence we propose that these sites (snR13 NA1 and NR2) bind the first heterodimer. Footprinting results and the mild effect of the NR1-NA2 mutant in filter-binding experiments are consistent with this proposal. A second heterodimer may bind to either side. Given the more pronounced effect of mutations in NR1, we propose that this is the preferred secondary site. Once this second heterodimer binds, the unoccupied Nab3 RRM would be available to bind additional RNA molecules. In this fashion large complexes could be formed on a given RNA (Fig. 7D ). Higher-order multimers could explain the loss of sample at high protein concentration during centrifugation experiments. This cooperative binding model also helps explain the relatively minor effects of single mutations on snoRNA terminators (Carroll et al. 2004 ) and the presence of multiple Nrd1-and Nab3-binding sites in several snoRNA terminators. In addition, we have recently shown that multiple mutations in Nrd1-and Nab3-binding sites in the NRD1 mRNA are required to abrogate Nrd1-mediated autoregulation (Arigo et al. 2006a) . Figure 7E shows how multiple sites within an mRNA may interact with oligomerized Nrd1-Nab3.
Nonpoly(A) termination
Why is termination triggered through binding to multiple relatively weak binding sites? First, this form of binding allows more flexibility in placement of key cis elements. Second, the presence of redundant sequences insures that single mutations will not disrupt the termination pathway. In support of the potential utility of such a system, the yeast poly(A) signals are less well conserved than their mammalian counterparts. The efficiency and positioning elements are both degenerate and redundant (Zhao et al. 1999) insuring that transcription termination does not read through into closely adjacent genes. Third, the cooperative nature of the binding insures that inadvertent sequences resembling the nonpoly(A) terminator will not accidentally lead to premature termination. Fourth, regulating the availability of the binding proteins over a narrow concentration range can directly impact termination efficiency. In conclusion, it seems that a collection of low-affinity Nrd1-and Nab3-binding sites comprises a functional snoRNA terminator.
The oligomerization aspect of Nrd1-Nab3 binding also affords an interesting possibility regarding the termination mechanism. Previously, it was shown that CTD truncations are synthetically lethal with nrd1 ts alleles (Conrad et al. 2000) . As Nrd1-Nab3 heterodimer binds its respective sites in the emerging RNA transcript, the CIDs of Nrd1 available for binding to the CTD repeats accumulate (Fig. 7E) . Perhaps when some critical number of Nrd1 CIDs bind to the CTD this imparts a termination signal to the polymerase. Such a termination function could be analogous to that of the poly(A) termination factor Pcf11, which has a CID related to that of Nrd1. Pcf11 associates with both the Pol II CTD and RNA and has been shown to disrupt paused ternary elongation complexes (Zhang et al. 2005) . It is possible that the Nrd1-Nab3 complex plays a similar role in nonpoly(A) termination.
To fully understand the nonpoly(A) termination mechanism, more work will obviously be needed to define optimal Nrd1-and Nab3-binding sites and their preferred contexts and spacing. In particular, it will be important to study Nrd1 and Nab3 interactions in larger complexes containing the nuclear exosome. The present article provides important data on the affinity, specificity, and cooperativity of Nrd1-Nab3 heterodimer binding to RNA. These results show that this RNA interaction is the key to recognition of nonpoly(A) terminators.
MATERIALS AND METHODS
Expression and purification of Nrd1-Nab3 heterodimer
Because expression of Nrd1 and Nab3 individually resulted in low yields of unstable protein, we coexpressed these RNA-binding proteins from vector pST39 (Tan 2001) . To assist purification, we His 9 tagged the N terminus of Nrd1 and MBP tagged the N terminus of Nab3. The Nrd1-Nab3 heterodimer was expressed in E. coli strain BL21 grown in L broth at 37°C to an OD 600 of 1 and induced with IPTG at 15°C overnight. Cells were broken by sonication, clarified by centrifugation, and the fusion proteins were purified by metal affinity chromatography. After proteolytic removal of the tags with TEV, the protein was desalted into buffer containing 0.15 M NaCl, 50 mM MES (pH 6.0), 10% glycerol, 0.1 mM EDTA, and 0.5 mM DTT, and further purified by chromatography on heparin-agarose and Resource S. The final protein shown in Figure 1B contains two polypeptides with the expected sizes. Protein concentrations were determined by spectroscopy using extinction coefficients (280 nm) derived by summing the contributions of tyrosine and tryptophan residues (Pace et al. 1995) .
Sample preparation for centrifugation
All samples were prepared by diluting stock solutions of an 11-nt (AUCUUAGUAAU) snR13 RNA (A 260 = 27.2, 236 mM), the 35-nt snR13 (Fig. 2C ) RNA (A 260 = 240, 716 mM), or the coexpressed Nrd1-Nab3 heterodimer (A 280 = 10.0 or 17.1) into 150 mM NaCl, 20 mM MES (pH 6.8), 5% (v/v) glycerol, and 5 mM 2-mercaptoethanol. Protein stocks were in 150 mM NaCl, 20 mM MES (pH 6.8), and 10% (v/v) glycerol, whereas RNA stocks were in water.
Sedimentation equilibrium
Sedimentation equilibrium experiments were conducted at 4.0°C on a Beckman Optima XL-A analytical ultracentrifuge. Samples (loading volume of 130 mL) of Nrd1-Nab3, 1:1.05 mixture of Nrd1-Nab3 and 11-nt snR13 RNA, and a 2.3:1 mixture of Nrd1-Nab3 and 35-nt snR13 RNA were studied at various loading Yeast Nrd1-Nab3 RNA binding www.rnajournal.org 371
Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by rnajournal.cshlp.org Downloaded from concentrations and rotor speeds (6-14 krpm). Data were acquired as an average of six absorbance measurements at 280 nm or 290 nm, depending on the loading concentration, using a radial spacing of 0.001 cm. Sedimentation equilibrium was achieved within 48 h. Data were analyzed globally in terms of various species analysis models using SEDPHAT 4.0 (Schuck 2003 (Schuck , 2006b , and references therein) to obtain the buoyant molecular mass M(1 À nr). Solution densities (r) and partial specific volumes (n) were used to determine the molecular mass (M). Solution densities were measured at 20.00°C on a Mettler-Toledo DE51 density meter and corrected to values for r at 4.0°C. The value of n for Nrd1-Nab3 was calculated using the amino acid composition in SEDNTERP (Hayes et al. 2006) , whereas a value of 0.50 cm 3 /g was assumed for the RNA (Durschlag 1986) . In all cases excellent data fits were observed. Effective partial specific volumes for nucleic acids range from 0.45 to 0.55 cm 3 /g and are very dependent on the base composition, ionic strength, solution pH, buffering agent, and the overall hydration of the polymer (Durschlag 1986; Eisenberg 1989; Woodward and Lebowitz 1980) . Using the observed 1:1 protein:11-nt RNA stoichiometry, the experimentally determined buoyant molecular masses of Nrd1-Nab3 and its complex return a partial specific volume of 0.48 cm 3 / g for the RNA in the complex. This value is within the range expected for nucleic acids.
